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(57) ABSTRACT

An apparatus for electromagnetic (EM) tracking or local-
1zation 1s described which includes one or more EM trans-
mitters and receivers (sensors, or trackers), an indication of
relative locations of the one or more transmitter and sensor
with respect to one or more instrument, optionally, a model
of the one or more mstrument flexibility, a measurement
uncertainty analyzer that reports an uncertainty associated
with each measurement, an equation of motion or dynamic
model with motion constraints that describes an expected
behavior of the one or more instrument, a probabilistic
simultaneous localization and mapping (SLAM) algorithm
that simultaneously estimates a pose of one or more 1nstru-
ment and updates a field distortion map, or parameters of a
field distortion model, a field distortion estimator that uses
currently-available information of the field distortion map
and estimates field distortion 1n the vicinity of the one or
more nstrument, to be used for future measurement com-
pensation, a transient analyzer that constantly observes
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variations in the field distortion map over time 1n order to
differentiate regions with continuous changes from regions
with constant field distortion, and provides feedback to the
field distortion estimator, including indicating to what
degree each region of the map 1s expected to change,
wherein simultaneous field distortion mapping and electro-
magnetic tracking or localization of the one or more nstru-
ment 1s provided 1n real time.
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METHODS AND APPARATUS FOR
IMPROVED ELECTROMAGNETIC
TRACKING AND LOCALIZATION

RELATED APPLICATION

This application claims the benefit of the filing date of
U.S. application Ser. No. 62/111,836, filed on Feb. 4, 2015,
the contents of which are incorporated herein by reference in

their entirety.

BACKGROUND

Localization and tracking of medical instruments 1s an
integral part ol computer-assisted interventions and several
technologies have been introduced for this purpose. Depend-
ing on the underlying working principles, each technology
imposes some limitation on the usability of the tracking
system. For example, electromagnetic (EM) tracking tech-
nology, in which known local EM fields are generated by
transmitters 1n order to localize EM sensors (trackers) placed
within the field, using the principle of mutual induction, has
been integrated into various commercial products, and
applied 1n several interventions. This popularity 1s primarily
due to freedom from line-of-sight restrictions, small sensor
s1ze, and the ability to track instruments 1nside the patient’s
body, which 1s particularly helpful for guiding needles,
catheters, and guide-wires, during insertions or placements.

However, EM trackers are highly susceptible to distor-
tions caused by magnetic or electrically-conductive objects
located 1n the close proximity of the tracking volume. In a
clinical environment, such sources of field distortion include
medical 1maging devices (C-arm, CT gantry, etc.), equip-
ment (tables, monitors, etc.), and instruments. The interfer-
ence causes tracking errors ranging irom a few millimeters
in research environments to a few centimeters in clinical
environments, especially in the presence of certain equip-
ment, such as a C-arm fluoroscopy, known to significantly
distort the EM field while unavoidable 1n many procedures.

Unless compensated for, the tracking error due to field
distortion compromises the outcome of medical procedures
and limits the reliability and utility of EM tracking 1n clinical
settings. If this limitation 1s alleviated, EM tracking tech-
nology can open 1ts way ito new potential clinical proce-
dures currently not possible. Current approaches used to
reduce the 1impact of field distortion can be classified into
three categories: reduction, detection, and compensation.
1) Reduction: These methods can help reduce the amount of

field distortion caused by field distorting objects. For

existing EM tracking systems, these methods may include
object shielding, EM field type modification (e.g., from

AC to pulsed-DC), or optimum positioning (patient,
devices, and EM transmitter).

2) Detection: These techniques can help detect or monitor

the amount of field distortion, or confirm 1f a tool can be
tracked using EM trackers. They mostly rely on measure-
ments of the induced currents in various (and normally
redundant) coils or sensors. For example, a redundant EM
sensor 1s placed at a known fixed location with respect to
another sensor or the transmitter, and the variations of the
measured location of the redundant sensor compared to 1ts
known fixed location are used to detect or monitor the
amount of field distortion.

3) Compensation: These methods can help compensate for
the field distortion and can further be classified into two
sub-categories: static pre-calibration, and fusion.
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1. Static pre-calibration 1s useful 1n environments where
field distorting objects are stationary and the amount of

distortion at each point in the tracking volume 1is
invariable. In this case, a distortion map can be gener-
ally created pre-operatively in order to establish a
relationship between each point in the workspace and
the corresponding magnitude of distortion at that point.
The created distortion map can be stored 1n various
forms such as look-up tables, polynomuial fitting, inter-
polation, or neural networks, or other methods. This
map can subsequently be used intra-operatively to
compensate for the undesired static distortion.

11. Fusion approaches rely on redundant and independent
(undistorted) measurements, such as alternative types
of tracking systems (optical, imaging, inertial, etc.) or
an array of EM transmitters and/or sensors fixed at
known spatial coordinates. The distortion map 1s then
created based on fusion of the information provided by
the alternative tracker, or the assumption that the sensor
array remains partially undistorted. This map can sub-
sequently be used to compensate for field distortion.

While the currently available methods for field distortion

compensation may offer improved tracking performance,
they as well impose severe constraints and incorporate
substantial underlying limitations. Reduction and detection
methods may be able to minimize the error due to a specific
field distorting tool. However, these techniques generally
lack the ability to compensate for the errors in the entire
workspace or due to multiple field distorting objects. Static
pre-calibration 1s a time consuming procedure as the sensor
must be positioned at numerous points 1n the workspace. It
also requires ground truth measurements by means of
manual positioning, calibration phantom, robotic arm, or
other tracking devices. Even after such a lengthy and tedious
calibration procedure, the map 1s valid only for a static
environment. Therefore, this method 1s unable to cope with
the dynamic nature of most clinical settings. As a result,
during the clinical procedure, this resource intensive cali-
bration process should be repeated for every field distortion
change, and a critical portion of the workspace where the
patient 1s positioned may be inaccessible during such con-
sequent recalibrations. Overall, 1n true clinical settings with
dynamic changes due to movement or operation of 1imaging
devices, surgical tools, tables, monitors, etc., this approach
1s 1ineflective and may 1n fact exacerbate the tracking error
i the distortion map 1s outdated. Fusion-based methods are
ineflicient 1n nature as they either demand external tracking
technologies, or an unnecessarily large number of redundant
elements, 1n which case the field distortion 1s also deter-
mined accurately only i the vicinity of the redundant
clements mounted typically on the exterior surface of the
workspace and away from the region of interest. Further-
more, these methods are costly, may introduce additional
errors due to spatial/temporal calibration between the track-
ing systems or sensors, and overcrowd the surgical site with
excessive devices.

Accordingly, there 1s a need for eflective detection and

compensation for field distortion error.

SUMMARY

Described heremn 1s an apparatus for electromagnetic
(EM) tracking or localization, comprising: one or more EM
transmitters and receivers (sensors, or trackers); an indica-
tion of relative locations of the one or more transmitter and
sensor with respect to one or more instrument; optionally, a
model of the one or more 1nstrument tlexibility; a measure-
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ment uncertainty analyzer that reports an uncertainty asso-
ciated with each measurement; an equation of motion or
dynamic model with motion constraints that describes an
expected behavior of the one or more mstrument; a proba-
bilistic simultaneous localization and mapping (SLAM)
algorithm that simultaneously estimates a pose of one or
more instrument and updates a field distortion map, or
parameters of a field distortion model; a field distortion
estimator that uses currently-available information of the
field distortion map and estimates field distortion in the
vicinity of the one or more instrument, to be used for future
measurement compensation; a transient analyzer that con-
stantly observes variations 1n the field distortion map over
time 1n order to differentiate regions with continuous
changes from regions with constant field distortion, and
provides feedback to the field distortion estimator, including
indicating to what degree each region of the map 1s expected
to change; wherein simultaneous field distortion mapping
and electromagnetic tracking or localization of the one or
more instrument 1s provided 1n real time.

Also described herein 1s a method for electromagnetic
(EM) tracking or localization, comprising: providing, as
input to a probabilistic SLAM algorithm: an indication of
relative locations of one or more transmitter and sensor with
respect to one or more instruments; optionally, a model of
the one or more mstrument flexibility; an uncertainty asso-
ciated with each measurement; and an expected behavior of
the one or more 1nstrument, using an equation of motion or
dynamic model with motion constraints; using the SLAM
algorithm to simultaneously estimate a pose of the one or
more nstrument and update a field distortion map, or
parameters of a field distortion model; estimating field
distortion using currently-available information of the field
distortion map and estimating field distortion 1n the vicinity
of the one or more mnstrument, and using the estimates for
future measurement compensation; and continuously
observing variations 1n the field distortion map over time to
differentiate regions with continuous changes from regions
with constant field distortion, and providing feedback to a
field distortion estimator, including indicating to what
degree each region of the map 1s expected to change;
wherein simultaneous field distortion mapping and electro-
magnetic tracking or localization of the one or more nstru-
ment 1s provided in real time.

In one embodiment the field distortion estimator estimates
field distortion based on interpolating, or adjusting model
parameters of the field distortion map.

In one embodiment the SLAM algorithm uses Bayesian
inference for estimation and 1s implemented by one or more
of a Kalman filter, a particle filter, and non-linear least
squares.

Also described herein 1s programmed media for use with
a computer and with data such as, for example, estimates of
the pose of one or more nstrument, a field distortion map,
parameters of a field distortion model, the programmed
media comprising a computer program stored on non-
transitory storage media compatible with the computer, the
computer program containing instructions to direct the com-
puter to perform one or more of the functions described in
herein, and provide an output of the tracking or localization
of the one or more instrument 1n real time.

Also described herein 1s an apparatus for electromagnetic
(EM) tracking or localization, comprising: one or more EM
transmitters and receivers (sensors, or trackers); a processor
that recerves and/or processes one or more of: an indication
of relative locations of the one or more transmitter and
sensor with respect to one or more instrument; optionally, a
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model of the one or more mstrument tlexibility; optionally,
a measurement uncertainty analyzer that reports an uncer-
tainty associated with each measurement; optionally, a field
distortion compensation technique; an equation of motion or
dynamic model with motion constraints, such as a non-
holonormic constraint, that describes an expected behavior
of the one or more 1nstrument; wherein the processor outputs
a result Wherein the one or more mstrument 1s localized or
reconstructed 1n 1n real-time or ofl-line.

In one embodiment measurements are combined or fil-
tered with kinematic motion models and/or dynamic motion
models, including but not limited to weighted averages, or a
stochastic sensor fusion technique. One embodiment
includes a Kalman filter.

Also described herein 1s method for electromagnetic (EM)
tracking or localization, comprising: providing, as input to a
processor that includes a filtering algorithm: an indication of
relative locations of one or more transmitter and sensor with
respect to one or more instrument; optionally, a model of the
one or more mstrument tlexibility; a motion model with
constraints that describe an expected behavior of each of the
one or more instrument; analyzing a measurement uncer-
tainty and reporting an uncertainty associated with each
measurement; optionally applying a field distortion compen-
sation technique; using the filtering algorithm to reconstruct
and/or localize the one or more instrument path; wherein the
one or more mstrument path 1s tracked, localized, or recon-
structed 1n 1n real-time or ofi-line.

In one embodiment the method comprises combining or
filtering measurements with a kinematic motion model and/
or a dynamic motion model.

In one embodiment the method comprises a weighted
average technique or a stochastic sensor fusion technique.

In one embodiment the the filtering algorithm comprises
a Kalman filter.

Also described herein 1s programmed media for use with
a computer and with data such as, for example, an indication
of relative locations of one or more transmitter and sensor
with respect to one or more 1nstrument; optionally, a model
of the one or more instrument tlexibility; a motion model
with constraints that describe an expected behavior of each
of the one or more instrument; the programmed media
comprising a computer program stored on non-transitory
storage media compatible with the computer, the computer
program containing instructions to direct the computer to
perform one or more of the functions described 1n claim 11,
and provide an output of the tracking or localization of the
one or more instrument path 1n real time.

In various embodiments, the instrument may be an object
or feature being tracked or localized; wherein the instrument
comprises a gaming device, a tool, a surgical tool (such as
a catheter, a needle, a cutting or cautery tool, a guide-wire),
an animal or a human, or a feature 1n a simulator.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention and to show
more clearly how 1t may be carried into eflect, reference will
now be made, by way of example, to the accompanying
drawings, wherein:

FIGS. 1A, 1B, and 1C show generalized workiflow dia-
grams according to various embodiments.

FIG. 2A 1s a photograph of an experimental setup, show-
ing relevant coordinate systems, including tracked frame
{P} on the target, EM sensor frame {S,}, EM reference
frame {Ref}, and optical reference frame {Q}.
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FIG. 2B 1s a photograph showing a tool used to hold EM
sensors and an optical marker, used in experimental setups
for assessment and validation.

FIG. 2C 1s a diagram showing coordinate systems and
transtformations, with redundant EM sensors (S,, S, . . .
S. .., S,) used to track the target frame {P}, and spatial
transformations.

FIG. 3 1s a plot showing ground truth optical tracker
observations provided for a tracked target frame {P} via
spatial transformations (hand-eye calibration), used to
model EM measurement uncertainties as described in
Example 1.

FIGS. 4A and 4B are plots showing samples of measure-
ment error distributions with their corresponding modeled
(Gaussian representations for measurements of (4A) a trans-
lation 1 X (mm), and (4B) an orientation in A (degree),
where A stands for Azimuth 1n an ZYX Euler angler repre-
sentation of the rotation matrix, as described 1n Example 1.

FIGS. 5A and 5B are plots showing field distortion error
tor 6-DOF, where position field distortion (SA) 1s repre-
sented by [x v z], and orientation field distortion (5B) 1s
represented by [A E R] Euler angles (ZYX), as described in
Example 1.

FIGS. 6 A-6F are plots of tracking error of SLAM com-
pared to EM sensors, where the left column (6A, 6C, 6E)
shows the tracking error 1n position X, Y, and Z, and the right
column (6B, 6D, 6F) shows the tracking error in orientation
A, E, R (ZYX Euler angles: Azimuth. Elevation, and Roll)
(data was downsampled for clarity), as described 1n Example
1.

FIG. 7 1s a photograph showing a phantom holding ten
catheters 1n predefined ground truth paths, with the body
coordinate system {B} located at a sensor tip, a global
coordinate frame {Ref} located on a reference sensor, and a
local coordinate frame on the phantom {Ph}.

FIG. 8 1s a photograph showing a body-fixed coordinate
system {B} located at a tip of a sensor inserted inside a
catheter, with the longitudinal linear velocity u, and the
rotation rates p, g, s indicated.

FIG. 9A 1s a plot showing a sample of catheter path
reconstruction with raw measurement data, using the manu-
facturer’s filter, and using a nonholonomic EKE filter
according to one embodiment (data points were down-
sampled for graphic clanty).

FIG. 9B 1s a plot showing a comparison of position
estimation errors at various insertion depths for ten catheter
paths (data points were down-sampled for graphic clanty).

FIG. 10 shows plots of frequency of sample reconstruc-
tion errors of ten catheter paths using raw measurement data
(left), manufacturer’s filter (center), and a nonholonomic
EKF filter (right) according to one embodiment (for clarity,
raw measurement errors greater than 10 mm are annexed to
those ranging from 9 to 10 mm).

FIG. 11 1s a schematic diagram showing an example of a
climical setup for prostate HDR brachytherapy, including a
TRUS probe and stepper, and the EM tracking system’s
reference coordinate frame {EMS} attached to the field
transmitter.

FIG. 12 1s a schematic diagram showing an experimental
setup, with relevant coordinate systems and transformations,

for a TRUS probe tracking embodiment.

FIG. 13 1s a plot showing errors (median, 25th and 75th
percentiles, and extreme non-outlying errors) in SLAM
estimations of TRUS probe position during a freehand
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motion, as a function of the number of EM sensors, and their
mounting configurations relative to a sensor.

DETAILED DESCRIPTION OF EMBODIMENTS

Methods and apparatus described herein eliminate or
minimize the above-described drawbacks of currently-avail-
able electromagnetic tracking systems.

Presented herein are apparatus, methods, and constructs
for improving EM tracking and localization. Some embodi-
ments provide dynamic EM field distortion compensation.
Embodiments may be used to track and/or localize an
istrument. Some embodiments integrate a tracked instru-
ment’s equation ol motion (or/and 1ts dynamic model)
including motion constraints with EM tracker observations,
and apply a simultaneous localization and mapping (SLAM)
algorithm to both accurately estimate the pose of the 1nstru-
ment and create a map for the field distortion 1n real-time.
Such embodiments may rely on redundant elements (sensors
or transmitters) fixed on a ngid or flexible instrument, 1n
which case the mstrument’s flexibility can as well be mod-
cled and incorporated into the SLAM algorithm. In the case
of flexible instruments, such as needles, catheters, tubes,
etc., the SLAM algorithm not only estimates the pose of the
instrument along with the field distortion map, but 1t also
estimates the instrument deflection 1n real-time. Example 1,
below, 1s an embodiment designed for surgical applications,
although the invention 1s not limited thereto.

Other embodiments provide path localization using EM
tracking technology. Embodiments may be used to track
and/or localize an mstrument. Some embodiments comprise
a filtering technique that incorporates nonholonomic motion
constraints of an EM sensor (or redundant sensors) 1n an
instrument path, to reduce EM tracking error. In contrast to
conventional filtering techniques that rely only on position
measurements, embodiments described herein use both posi-
tion and orientation measurements as well as the nonholo-
nomic motion constraint, in order to accurately reconstruct
an mstrument path. For example, one embodiment may
include Kalman filters to integrate both the position and
orientation EM measurements with the nonholonomic
motion constraints of the sensor along the instrument path.
Examples 2 and 3, below, are embodiments for catheter path
reconstruction, and Example 4 1s an embodiment for track-
ing an ultrasound probe, although the nvention i1s not
limited thereto.

As used herein, the term “instrument” 1s intended to refer
to an object or feature being tracked or localized 1n a given
application. As non-limiting examples, the term “instru-
ment” may refer to an object such as a gaming device, a tool,
a surgical tool (such as a catheter, a needle, a cutting or
cautery tool, a gmide-wire), an animal or a human, or a
feature 1 a simulator.

As described herein, certain embodiments of the inven-
tion integrate a tracked mmstrument’s equation of motion
(or/and 1ts dynamic model) including motion constraints
with EM tracker observations, and apply a simultaneous
localization and mapping algorithm to both accurately esti-
mate the pose of the instrument and create a map for the field
distortion in real-time. The method may rely on redundant
clements (sensors or transmitters) fixed on a rigid or flexible
instrument, 1n which case the mstrument’s tlexibility can as
well be modeled and incorporated into the SLAM algorithm.
In the case of flexible instruments, such as needles, cath-
eters, tubes, etc., the SLAM algorithm not only estimates the
pose ol the instrument along with the field distortion map,
but 1t also estimates the mnstrument detlection 1n real-time.
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A feature of certain embodiments described herein 1s the
provision of real-time robust tracking of an instrument,
using significantly fewer redundant elements than used in
prior approaches to reduce field distortion. Moreover, the
field distortion 1s directly determined for the point at which
the istrument 1s located, rather than on the boundary or the

surface of the workspace, leading to a more precise pose
estimation of the tracked instruments. Embodiments
described herein are particularly desirable for EM tracking
used 1 medical applications; however, the formulation 1s
general and applicable to other applications, such as, but not
limited to, wvirtual reality systems, navigation systems,
manipulators, and simulators.

Embodiments may be customized for particular applica-

tions.

Some embodiments may include hardware and/or sofit-

ware components selected from the following:

One or more EM transmitters and receivers (1.€., sensors,
or trackers).

A processor (e.g., a computer) that receives and/or pro-
cesses and/or performs one or more function as
described below, and outputs tracking and/or localiza-
tion of one or more nstrument.

Relative locations of the transmitters and sensors with
respect to the mstrument, as well as a model of the
instrument flexibility (if required).

Measurement uncertainty analyzer that reports the uncer-
tainty associated with each measurement. This infor-
mation may be provided by a tracking system manu-
facturer (as a quality measure) or inferred from factors
such as, for example, the known fixed position of
redundant elements, the known fixed orientation of
sensors or sensor elements (e.g., coils inside the sen-
sors), measurement variations over a fixed time inter-
val, etc.

Equation of motion (or dynamic model) with motion
constraints to describe an expected behavior of the
instrument.

A probabilistic SLAM algorithm that simultaneously esti-
mates the pose of one or more tracked instruments and
updates a field distortion map, or parameters of the field
distortion model. The algorithm may use Bayesian
inference for estimation and may be implemented by
one or more of Kalman filters, particle filters, non-
linear least squares, etc., but 1s not limited thereto.

Field distortion estimator that uses currently available
information of the map and estimates field distortion 1n
the vicinity of the instrument, to be used for future
measurement, compensation. This may be based on
interpolating, or adjusting model parameters of a field
distortion map.

Transient analyzer that constantly observes variations in
the field distortion map over time 1n order to differen-
tiate regions with continuous changes from regions
with constant field distortion, and provide feedback to
the field distortion estimator, including indicating to
what degree each region of the map 1s expected to
change. For example, field distortion may be more
varying where small tools are moved 1n the workspace,
while 1t may be less varying where an imaging device
such as a fluoroscope 1s located.

An output comprising a result wherein the one or more
instrument 1s localized or tracked in in real-time or
ofl-line.

Embodiments may comprise a worktlow generally illus-

trated 1n FIG. 1A, 1B, or 1C, or a combination thereof.
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Embodiments may include programmed media for use
with a computer and with data such as, for example, esti-
mates the pose of one or more tracked mstruments, a field
distortion map, parameters of a field distortion model, the
programmed media comprising a computer program stored
on non-transitory storage media compatible with the com-
puter, the computer program containing instructions to direct

the computer to perform one or more of the functions
described above and/or 1n FIG. 1A, 1B, or 1C, or a combi-

nation thereof.

By incorporating a dynamic model and an equation of
motion together with a SLAM algorithm for field distortion
compensation, embodiments eliminate the need for the
fusion of other tracking technologies and avoid use of a large
number of redundant EM transmitters/sensors. Further, use
of a field distortion transient analyzer may significantly
improve performance of the field distortion estimator.

Some embodiments may include hardware and/or soft-
ware components selected from the following:

One or more EM transmitters and receivers (sensors, or

trackers);

A processor (e.g., a computer) that receives and/or pro-
cesses and/or performs one or more Ifunction as
described below; and outputs tracking and/or localiza-
tion of one or more instrument.

An indication of relative locations of the one or more
transmitter and sensor with respect to the one or more
instrument.

Optionally, a model of the one or more mstrument tlex-
1bility.

Optionally, a measurement uncertainty analyzer that
reports an uncertainty associated with each measure-
ment.

Optionally, a field distortion compensation technique.

An equation of motion or dynamic model with motion
constraints, such as a nonholonomic constraint, that
describes an expected behavior of the one or more
instrument.

Combining or filtering measurements with kinematic
motion models and/or dynamic motion models; includ-
ing but not limited to weighted averages, or a stochastic
sensor fusion technique, or a Kahnan filter.

An output comprising a result wherein the one or more
instrument 1s localized or reconstructed 1n 1n real-time
or ofl-line.

Embodiments may include programmed media for use
with a computer and with data such as, for example, an
indication of relative locations of one or more transmitter
and sensor with respect to one or more nstrument; option-
ally, a model of the one or more mstrument flexibility; a
motion model with constraints that describe an expected
behavior of each of the one or more instrument; the pro-
grammed media comprising a computer program stored on
non-transitory storage media compatible with the computer,
the computer program contaiming instructions to direct the
computer to perform one or more of the functions described
herein, and provide an output of the tracking or localization
of the one or more instrument path 1n real time.

Embodiments may include a data processing system that
controls one or more components of the system, e.g., one or
more components such as those shown in FIGS. 1A, 1B, and
1C, 1n conjunction with a user interface (e.g., a graphical
user interface (GUI)). Controlling may include functions
such as receiving input (image data such as ultrasound data,
commands from a user of the system, etc.), analyzing data,
and displaying results and/or images on a display of the
system.
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The data processing system may be a client and/or server
in a client/server system. For example, the data processing
system may be a server system or a personal computer (PC)
or tablet-based system. The data processing system may
include an mput device, a central processing unit (CPU),
memory, display device, and interface device. The input
device may include a keyboard, a mouse, a trackball, a touch
sensitive surface or screen, or a similar device. The display
may 1nclude a computer screen, television screen, display
screen, terminal device, a touch sensitive display surface or
screen, or a hardcopy producing output device such as a
printer or plotter. The memory may include a variety of
storage devices including internal memory and external
mass storage typically arranged 1n a hierarchy of storage as
understood by those skilled in the art. For example, the
memory may include databases, random access memory
(RAM), read-only memory (ROM), flash memory, and/or
disk devices. The interface device may include one or more
network connections. The data processing system may be
adapted for communicating with other data processing sys-
tems over a network via the mterface device. For example,
the mterface device may include an interface to a network
such as the Internet and/or another wired or wireless net-
work (e.g., a wireless local area network (WLAN), a cellular
telephone network, etc.). Thus, the data processing system
may be linked to other data processing systems by the
network. The CPU may include or be operatively coupled to
dedicated coprocessors, memory devices, or other hardware
modules. The CPU 1s operatively coupled to the memory
which stores an operating system for general management of
the system. The CPU 1s operatively coupled to the input
device for receiving user commands or queries and for
displaying the results of these commands or queries to the
user on the display. Commands and queries may also be
received via the interface device and results may be trans-
mitted via the interface device. The data processing system
may include a database system (or storage) for storing data
and programming information. The database system may
include a database management system and a database and
may be stored in the memory of the data processing system.
In general, the data processing system has stored therein data
representing sequences of mstructions which when executed
cause certain steps of the method described herein to be
performed. For example, the instructions may be associated
with one or more components of FIGS. 1A, 1B, or 1C. Of
course, the data processing system may contain additional
soltware and hardware, a description of which 1s not nec-
essary for understanding the mvention.

Thus, the data processing system includes computer
executable programmed instructions for directing the system
to implement the embodiments of the invention. Executing,
instructions may include the system prompting the user for
iput at various steps, some of which are shown 1n the
embodiments of FIGS. 1A, 1B, and 1C. In one embodiment
the programmed instructions may be embodied in one or
more hardware modules or software modules resident 1n the
memory of the data processing system or elsewhere. In one
embodiment the programmed instructions may be embodied
on a non-transitory computer readable storage medium or
product (e.g., a compact disk (CD), etc.) which may be used
for transporting the programmed 1nstructions to the memory
of the data processing system and/or for executing the
programmed instructions. In one embodiment the pro-
grammed 1nstructions may be embedded 1 a computer-
readable signal or signal-bearing medium (or product) that 1s
uploaded to a network by a vendor or supplier of the
programmed 1nstructions, and this signal or signal-bearing,
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medium may be downloaded through an interface to the data
processing system from the network by end users or poten-

tial buyers.

A user may interact with the data processing system and
its hardware and software modules using a GUI. The GUI
may be used for controlling, monitoring, managing, and
accessing the data processing system. GUIs are supported by
common operating systems and provide a display format
which enables a user to choose commands, execute appli-
cation programs, manage computer files, and perform other
functions by selecting pictorial representations known as
icons, or items Irom a menu through use of an mput device
such as a mouse or touch screen. In general, a GUI 1s used
to convey mformation to and receive commands from users
and generally includes a variety of GUI objects or controls,
including icons, toolbars, drop-down menus, text, dialog
boxes, buttons, and the like. A user typically interacts with
a GUI presented on a display by using an input device (e.g.,
a mouse or touchscreen) to position a pointer or cursor over
an object (e.g., an icon) and by “clicking” on the object.
Typically, a GUI based system presents application, system
status, and other information to the user in one or more
“windows” appearing on the display. A window 1s a more or
less rectangular area within the display 1n which a user may
view an application or a document. Such a window may be
open, closed, displayed full screen, reduced to an 1con,
increased or reduced 1n size, or moved to different areas of
the display. Multiple windows may be displayed simultane-
ously, such as: windows included within other windows,
windows overlapping other windows, or windows tiled
within the display area.

Embodiments will be further described by way of the
following non-limiting Examples.

EXAMPLE 1

Simultaneous Electromagnetic Tracking and
Calibration for Dynamic Field Distortion
Compensation

Localization and tracking of medical instruments 1s fun-
damental 1n computer-assisted interventions. The tracking
can be performed using electromagnetic (EM) tracking
systems, 1n which known local EM fields are generated by
transmuitters 1n order to localize EM sensors (trackers) placed
within the field, using the principle of mutual induction. EM
trackers are highly susceptible to distortions caused by
magnetic or electrically-conductive objects located in the
close proximity of the tracking volume. In a clinical envi-
ronment, such sources of field distortion include medical
imaging devices (C-arm, CT gantry, etc.), equipment (tables,
monitors, etc.), and instruments. The interference causes
measurement bias and results 1n tracking errors ranging from
a few millimeters 1n research environments to a few centi-
meters 1 clinical environments. Unless compensated for,
this error compromises the outcome of medical procedures
and limits the reliability and utility of EM tracking in clinical
settings.

Existing approaches employed to compensate for the field
distortion mainly rely on static pre-calibration or fusion.
Pre-calibration mvolves a tedious procedure in which the
entire workspace 1s scanned and a distortion map 1s created
pre-operatively. However, this map 1s valid for only static
environments and cannot cope with the dynamic nature of
most clinical settings. To address this limitation, fusion-
based approaches make use of redundant and independent
(undistorted) means of measurement, such as optical track-
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ers, or an array of EM sensors to dynamically map and
compensate for field distortion. These methods are ineth-
cient as they demand external tracking technologies, or an
unnecessarily large number of EM sensors. As a result,
various clinical applications of EM tracking technology are
still hampered by limitations caused due to field distortion.

This example describes a method to dynamically map
field distortion and effectively compensate for the tracking
error. To alleviate the limitations of the existing approaches,
redundant EM sensors are used to dynamically map and
compensate for field distortion. Specifically, motion models
of tracked instruments are integrated, including motion
constraints, with EM sensor observations, and a simultane-
ous localization and mapping (SLAM) algorithm (Durrant-
Whyte, H., et al., Robotics & Automation Magazine, 13:99-
110, 2006) 1s applied. The SLAM technique has proven to be
successiul 1n various mobile robotics applications, where the
knowledge of motion models, measurements, and uncertain-
ties can be combined to provide statistically reliable esti-
mates.

Using several (e.g., 1 to 3) redundant sensors mounted on
the tracked instrument, the method provides real-time field
distortion mapping, similar to the dynamic sensor array
fusion, but with significantly fewer redundant elements than
prior approaches to estimate the pose of the mstrument and
create a map for the field distortion in real-time. Further-
more, as the redundant elements are placed on the instru-
ment, the field distortion 1s directly estimated for the point
at which the instrument 1s located, rather than at discrete
locations of the sensor array eclements mounted on the
exterior surface of the workspace. This leads to a more
precise pose estimation. The method 1s particularly desirable
tor EM tracking technology employed in medical applica-
tions; however, the formulation 1s generic and applicable to
other fields such as virtual reality systems, simulation plat-
forms, and navigation systems.

Electromagnetic Tracking Error

Numerous sources can contribute to the overall tracking

error. The sources may be broadly classified into internal
(inherent), and external (environmental) errors.
Internal sources of error may include limitations 1n design
(e.g., simplified laws of physics, algorithmic singularities) or
limitations in implementation (e.g., amplified thermal activ-
ity, variations 1n timing). These errors are normally handled
at the manufacturer level, minimized via factory calibra-
tions, and detailed 1n system specifications.

External sources are mainly due to background magnetic
field distortion (environmental noise) interfering with the
tracking device. This 1s caused by magnetic or electrically-
conductive objects located within close proximity of the
tracking volume, such as medical 1imaging devices, equip-
ment, and instruments. These errors are significantly higher
than internal errors, and they may be reduced at the operator
level with variations in the operating environment or experi-
mental design.

The amount of error depends considerably on whether the
workspace 1s static or dynamic. A static condition describes
the situation of localizing a stationary target, while there are
no changes 1n the environment. In contrast, a dynamic
condition refers to the situation of tracking a moving target
while there may also be changes in the operating environ-
ment.

The resulting tracking error 1s normally characterized as
random error, or systematic error. Random errors appear as
noise or jitter in measurements and can be reduced with
signal processing. Systematic errors, however, appear as
offset or bias 1 measurements and are more dithcult to
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compensate. In particular, field distortion (external and
predominantly dynamic) 1s the leading cause of systematic
error, which significantly limaits the utility of EM trackers 1n
clinical settings.

Various methods have been proposed to overcome the
tracking challenges posed by EM field distortion. These
methods can be classified 1nto three categories: detection,
reduction, and compensation, as described above. However,
there 1s still a need for methods that can dynamically map
field distortions and eflectively compensate for the tracking
CITOr.

Materials and Methods

This method achieves dynamic field distortion compen-
sation 1n two steps. First, a system identification step 1s
performed to 1dentily the relative coordinates and properties
of the redundant EM sensors mounted on the tracked 1nstru-
ment. Second, a simultaneous tracking and calibration step
1s performed to compensate for field distortion in real-time,
A. System Identification

This step 1s only required 11 the parameters of the experi-
mental setup are not previously known. In this case, the
system 1dentification 1s performed only once and ofl-line
(pre-operatively) 1n a controlled environment free from field
distorting objects. The system 1dentification 1s independent
of the SLAM process (the next step) and the actual operating
environment. The objective 1s to quantily spatial, temporal,
and error parameters of the sensors.

1) Spatial Parameters

Given a total of n EM sensors mounted rigidly on a
tracked target, the spatial (kinematic) parameters identify
the relative transformations between the sensor frames {S,},
(i=1, 2, . .., n) and an arbitrary tracked frame {P} on the
target. As an example, a conceptual diagram has been
developed where redundant EM sensors are used to track the
target frame {P}. Here, the transformations TREfo from each
sensor frame {S,} to the EM tracker reference frame {Ref}
are provided by the EM tracking system, and the transior-
mations T* from {P} to each sensor {S,} should be com-
puted. |

To generalize this example, suppose an 1ndependent
tracking system, such as an optical tracker 1s also used to
provide ground truth observations of the frame {P}. These
independent observations are not part of the method, but will
be later valuable for assessing the performance of the
method. In this case, the ground truth (absolute) transior-
mation TQP from {P} to the optical tracker reference frame
{Q} are provided by the optical tracking system, and the
transformation T, from {Q} to the reference frame {Ref}
should also be computed.

Since T REfo*T SI_P =15, Q*TQ’P forms an AX=YB problem,
the unknown transformations can be easily computed using
various well-established hand-eye calibration techniques,
such as a concurrent nonlinear optimization used in this
work. Consequently, the mstrument’s pose 1s measured via
cach sensor as TRL?; ZTRgS*’*TS_P and observed wvia the
ground truth as 1, - =15 ~* TQP for assessment.

To simplily the notations, from this point onward the
reference frames are omitted as all vectors are only
expressed in the frame {Ref}.

2) Temporal Parameters

Quantification of temporal parameters 1s also necessary 11
multiple tracking devices are used, and they do not share
accurate external hardware synchronization. In this case, the
redundant measurements are not reported concurrently, and
temporal parameters should be computed to determine the
relative latency between time-stamps of various sensors.
These parameters can then be used to ensure redundant
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observations match at any given time-stamp. In this work, a
single EM tracking device connects to all EM sensors and
provides synchronized measurements. Therefore, there 1s no
need to quantify the temporal parameter. However, i order
to validate the proposed approach with the ground truth
optical tracker, a constant latency 1s estimated using corre-
lation analysis and applied to synchronize the EM measure-
ments with the measurements of the optical tracker.

3) Error Parameters

It 1s also important to quantily the EM measurement error
in order to provide the uncertainty associated with each
sensory observation in real-time. In general, EM measure-
ments contain nonuniform error distributions over the track-
ing volume; therefore, systematic (bias) and random (jitter)
errors need to be characterized in terms of both position and
orientation of the sensor. However, 1n this work, the minor
impact of orientation 1s neglected, and measurement uncer-
tainties are computed only as a function of sensor position
ds=[XsysZs)] g

For convenience, a robotic platform was employed to
place the sensors at various positions in the workspace, and
the measurement error at each position was determined
using ground truth (1.e., optical tracker) observations. Dur-
ing this process, the robotic manipulator was placed away
from the EM tracking volume to avoid additional field
distortion. As an alternative, error characterization can be
performed just as easily with a calibration phantom or
manual positioning.

First, systematic errors are modeled and compensated
using a robust (bisquare reweighting) second-order polyno-
mial multilinear regression (Holland, P. W., et al., Commu-
nications in Statistics-Theory and Methods, 6:813-827,

1977) as a function of sensor position. This 1s primarily
performed to remove the measurement bias, 11 any, resulting,
1n zero-mean error distributions. Next, random errors char-
acterizing measurement uncertainty can be modeled as zero-
mean normally distributed random variables. (This assump-
tion 1s validated, see FIGS. 4A and 4B.) The associated
variance o~ is modeled for each degree-of-freedom (DOF)
seperately, since the measurement error is not 1sotropic. The
variance o” s, 18 then modeled as:

(1)

where d_; 1s the sensor position, 0, 1s the Frobenius norm of
the transformation discrepancy matrix, indicating deviations
from the fixed known configurations of the sensors, and Q,
1s the signal quality (distortion) measure provided by the
tracking device, indicating the extent to which the measure-
ments are reliable. The coeflicients (weights) of W were
quantified using the same robust regression method (Hol-
land, P. W., et al., 1977). Once these coellicients are found,
the variance can be computed in real-time.
B. Simultaneous Tracking and Calibration

Once the parameters of the experimental setup are known,
simultaneous tracking and calibration can be achieved. In
contrast to the system identification, this step 1s performed
in real-time (e.g., mtra-operatively) and carried out 1n the
climcal environment with the presence of field distorting
objects. The step 1s the core of the SLAM process, and the
objective 1s to create and update a field distortion map 1n
order to dynamically calibrate for systematic errors while
tracking the instrument. A probabilistic extended Kalman
filter (EKF) SLAM algorithm was formulated to simultane-
ously estimate the pose of the tracked instruments and
update the parameters of the field distortion model.
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1) Preliminary

For an arbitrary frame attached to the tracked instrument,
let d =[xy, z ] denote the position vector, with d , represent-
ing the linear velocity. Also, let q,=[q, q, g, q5] denote the
orientation (quaternion), with o =[w, w, o, ] representing
the angular velocity. Given the sampling time T_ at each
discrete time step k=1, 2, . . ., K, the state vector describing
the pose and velocity of the tool 1s defined as x,=[d,,
qp(k)dp(k)mp(k)]jr . It 1s assumed that an 1nitial state value x, 1s
given, and the remaining values X, .- are to be recovered.

In order to compensate for field distortion, the measure-
ment error should be represented based on the position of the
EM sensor in the workspace. For each DOF 1, the field
distortion can be modeled with a distortion estimator func-
tion €2(dy;) describing measurement error (bias) as a tunc-
tion of sensor position d,. This distortion function 1s based
on a multivariate Gaussian function, allowing for a continu-
ous and differentiable map, with a distortion map vector m,
defined to contain the parameters (coethicients) of 2. Let
also m be the set of all field distortion map parameters (m,
parameters for all DOB), and €2(d;) be the set of all the €2..
Therefore, €2 can estimate the field distortion 1n the vicinity
of each sensor position, once given the state x and the
parameters m. The estimated bias values can then be com-
pensated for each sensor.

2) SLAM Formulation

(G1ven sensory observations z including the measurements
of all the EM sensors along with the spatial parameters
(transformations T."), the EKF-SLAM algorithm can be
used to estimate the state x and the parameters m. For that,
the EKE-SLAM requires the formulation of a motion model
as well as an observation model.

The motion model 1s used for prediction P(x,lx,_,) and
describes the state transitions as expressed 1n (2). The state
transition 1s assumed to be a Markov process, such that x,
depends only on the previous state x,_, and not the entire
history X,.._;.

The observation model 1s then used to correct this pre-
diction, by describing the probability of making sensory
observations z, given the state and the map parameters
P(z,1x,, m,). Therefore, the observation model establishes a
relationship between the observations z, and the map param-

cters for the current state as expressed 1n (3).

(2)

X =X _ )Wy,

(3)

In these models, w,~ N (0, Q) is a Gaussian random
vector with a constant covariance () describing uncertainty
in the state transitions, while v,~ & (0,R,) is a Gaussian
random vector with an estimated covariance R, (o°.%)
describing uncertainty in measurements computed in real-
time for each time step k.

(Given the state vector x, and the map parameters m,, the
functions 1 () and h(-) along with their covariance matrices
Q and R, are formulated based on a white noise acceleration
model with quaternion representation as expressed 1n (4). In
this formulation, the skew symmetric matrix ¢ 1s given by

(5).

Zp=h(x;, mp)+vy

- dpk) | dpi—1) + Tsd p—1) (4)
dpii) S CIPI
dﬁ'(k) dp(k—l)

 Whik) | (WDpk—1)
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-continued
(5)

(o X (W]

|
2| —w’ 0

3) EKF-SLAM Solution
Properties of EKF-SLAM are described 1n Thrun, S., et
al., Probabilistic Robotics, MIT press, 2005. Particularly,

this formulation assumes that probability distributions can
be represented by their first (i) and second (2,) moments

(13).

P(X;, mylzy g, Xo) N (Mg 2g) (6)

Theretfore, given an 1nitial value x, and the set of all the
observations z, .., an EKF-SLAM is then applied to compute
the mean p,=[X, m,]* (with "representing the best estimate at
time step k) and the covariance X, (representing uncertain-
ties associated with the best estimate) of the joint posterior
distribution P(x,,m,|z, ,, X5) as given 1n (7) and (8).

(7)

Xk Ak
e = | =E[( ] Zl:k}
|y g
. [Eﬂ 2om } . X — X Xy — Xy d (3)
k — — L1k
Exm Emm Fily —ﬁ’lk iy —ﬁ’lk

Considering X, =[x, m,]” as the full joint state vector, and
F(X,)=[f(x,)m,]” as the joint state motion model, the time
update (prediction) equations are given 1n (9) and (10). In
these equations, VF 1s the Jacobian of F with respect to X

evaluated at u,_, as expressed in (11),
W =F () (9)
> =VFY, VF'+Q (10)

X1 |#e-1

(11)
VFij=

(Given the measurements, the observation update (correc-
tion) equations are expressed mm (12) and (13). In these
equations, Vh 1s the Jacobian of h with respect to X
evaluated at u, as given in (16), and ¥ is the Kalman filter

gain (14).

=L+ 4 HZi=h ()

(12)
Zszk_ X }cS}rKkT (13)
K = viis! (14)

S, =VhZ, Vhi+R, (15)

(16)

C.

Experimental Validation

The performance of the field distortion compensation
method was experimentally assessed for unconstraimned 6
DOF motion tracking, detailed in this section.
1) Experimental Setup

An Ascension (Burlington, Vt., USA) 3D guidance trak-

STAR was used for the EM tracking measurements. In
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contrast to alternating current (AC) varying field generators,
the Ascension transmitter generates direct current (pulsed-
DC) EM fields 1n order to suppress the interference caused
by the induced eddy currents in nearby conductive field
distorting metals. However, as 1t will be shown 1n the results,
this system 1s still unable to compensate for the distortion
caused by ferromagnetic objects, such as the ones used 1n
this experiment.

The experiment relies on two redundant measurements;

thus, three Model 800 (8x8x20 mm) EM sensors {S,}, (i=1,
2, 3) provide 6 DOF measurements to the SLAM algorithm
for dynamic target {P} tracking and field distortion com-
pensation. As shown in FIGS. 2A and 2B, these EM sensors
were mounted on a rigid tool designed to firmly hold the

sensors. The tool also provided various sensor mounting
options.

FIG. 2B shows the configuration used in this
experiment. The tool also held an optical tracker to allow
ground truth observations for the tracked frame {P}. Note
that optical tracker 1s not part of the SLAM process; 1t 1s
used only for validation and provides ground truth measure-
ments. The measurements were collected using an NDI
(Waterloo, ON, Canada) Polaris Spectra.

To facilitate spatial and temporal calibration, the tool can
also be driven using two parallel robotic manipulators,
providing arbitrary and repeatable motion trajectories. These
mamipulators (shown 1n FIG. 2A) are not part of the SLAM
process; they are used only during system identification step
to quantily sensor parameters (pre-operatively), and will be
used 1n future to explore the impact of various speeds and
motion profiles on the performance of the method. The
robotic manipulators were placed outside the tracking vol-
ume and ~70 c¢cm away from the transmitter, to avoid
introducing additional field distortion.

The complete experimental setup 1s shown 1n FIG. 2A. It
should be noted that this setup 1s not meant to resemble any
clinical procedure; it only serves as a platform to validate
and study the performance of the method.

2) Experimental Procedure

The system identification step was performed ofl-line
(pre-operatively) 1n a controlled environment free from field
distorting objects, 1n order to quantity spatial, temporal, and
error parameters of the sensors. Using the robotic platiorm,
the tool was first oscillated with an up-chirp trajectory in the
frequency range of 0.1 to 25 Hz for a period of 12 seconds,
in order to estimate and compensate for the acquisition
latency (temporal parameter) between measurements of the
EM sensors and those of the ground truth optical tracker. The
kinematic parameters were subsequently quantified using 63
poses spanning the workspace. Once the temporal and
spatial parameters were computed, the robotic platform was
employed to place the EM sensors at a total of 189 positions
(a rectilinear grid 9x7x3 with 25 mm spacing) i the
workspace, 1n order to determine the measurement error at
cach position. Using (1) and the ground truth (1.e., optical
tracker) observations, the measurement uncertainties (o~ )
were modeled, and the systematic errors were modeled and
compensated.

Experiments were next performed to assess the eflective-
ness of the SLAM method for field distortion compensation
during free 6 DOF motions. To mtroduce EM field distor-
tion, a block of steel (10x30x350 mm) was centered at ~[250
200 0]" mm in the transmitter’s reference frame {Ref}. It
should be noted that steel highly distorts the EM field, as it
1s both ferromagnetic (ur=4000) and conductive (0=4
MS/m). The data from the EM sensors and the ground truth
optical tracker were recorded at a rate of 60 Hz (sampling
time) while the instrument was 1n frechand motion, and the
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proposed method for sitmultaneous tracking and field distor-
tion compensation was applied.
A. System Identification

The 12-second chirp trajectory produced 720 data
samples (per sensor) with the tool speed ranging from 34 to
307 mm/s. For the temporal parameter, a constant latency of
49+6 ms was computed using eight different data sets. It 1s
noted that inaccurate temporal parameter quantification
results 1n undesired positional error at high speed motions,
For example, a 10 ms temporal calibration error results in 1
mm position error if the mstrument moves at the speed of
100 minis. Consequently, ground truth measurements cannot
be provided accurately by the optical tracker at high speed
motions. Therefore, 1 this experiment, high speed motions
were precluded to avoid complexities arisen from such
inaccuracies and other undesired dynamic measurement
behavior.

Once the temporal lag was compensated, spatial param-
cters were computed, resulting 1n 4 homogenous transior-
mation matrices (17-20).

—~0.99 +0.03 +0.03 -10.80 " (17)
p | =002 +0.00 099 +195.62
L[ —0.03 -0.99 -0.00 +1.64
0 0 0 1
—~0.99 +0.02 +0.03 —10.46 " (18)
p _|—003 +0.00 -099 +220.97
27 [ —0.02 -0.99 -0.00 -24.79
0 0 0 1
—~0.99 +0.03 +0.03 —11.19 - (19)
p _| =002 +0.00 099 +220.73
371 -0.03 =099 —0.00 +25.81
0 0 0 1
" +0.02 -0.03 —-0.99 —112.78" (20)
o _|+0:00 —0.99 +0.02 -246.87
R 71 20,99 +0.00 -0.01 -18.72
0 0 0 1

Given the above spatial transformation (20), the optical
tracker measurements Tgp can be used to provide the ground
truth observations T, - =1g, Q*TQP of the tracked frame
{P} for assessment. FIG. 3 illustrates these observations for
the 189 grid points used to quantily the EM measurement
eITor.

Using the ground truth optical tracker observations, the
measurement uncertainties were modeled, and the system-
atic errors were modeled and compensated resulting 1n final
errors less than 0.4 mm and 5 degrees for translation and
orientation measurements, respectively. A sample of the
actual error distribution (probability density function) and
the modeled Gaussian representation within the workspace
1s 1llustrated 1n FIGS. 4A and 4B.

B. Simultaneous Tracking and Calibration

The method for simultaneous tracking and field distortion
compensation was applied during the 6 DOF motion of the
tool 1n the presence of the field distorting object (the block
of steel). The resulting field distortions are plotted 1 FIG.
5A for position and 1n FIG. 5B for orientation. The tracking
errors of the EM sensors with and without field distortion
compensation are compared i FIGS. 6 A-6F. The left col-
umn (FIGS. 6A, 6C, and 6E) shows the tracking error in

position X, Y, and Z, while the right column (FIGS. 6B, 6D,
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and 6F) shows the tracking error 1in orientation A, E, R (ZYX
Euler angles: Azimuth, Elevation, and Roll).

Within the workspace, measurement errors were a maxi-
mum ~16 mm and ~15 degrees in the presence of the
ferromagnetic steel block; while with the SLAM formula-
tion these errors were reduced to maximum of ~6 mm and
~6 degrees. The SLAM tracking error for each DOF 1is
tabulated 1 Table 1. Using this data, an error reduction of
65£10% for position, and 59+4% for orientation measure-
ments was achieved.

TABLE 1

The SLLAM tracking error for each measurement DOF

Degree of Freedom® Mean Variance Minimum Maximum
X 0.42 0.15 0.04 1.60
Y 0.57 0.11 0.01 1.31
Z 1.52 3.04 0.01 5.68
A 3.24 2.67 0.12 6.46
E 0.41 0.19 0.02 1.47
R 3.17 2.51 0.28 6.25

“Values represent position error in mm or orientation error in degree.

As shown 1 FIGS. 6 A-6F, the SLAM approach provides
improved tracking performance in the presence of field
distorting objects. Not only does it compensate for system-
atic field distortion error, but it also minimizes the jitter
error, due to 1ts underlying Kalman filter formulation.

For field distortion compensation, there are several major
factors that should be considered for practical implementa-
tion. These factors include computational complexity, con-
vergence, and performance 1 dynamic environments.

The classic EKF-SLAM assumes Gaussian distributions
and 1s computationally intensive for large number of map
parameters, particularly 1 more complex field distortion
estimators (with more parameters) are used. In fact, the
dimension of the covariance matrix 1s approximately qua-
dratic in terms of the number of the map parameters, and this
matrix 1s updated during the time update (17) and observa-
tion update (20) i every time step. The ofi-diagonal ele-
ments of the matrix carry important information and it 1s
shown that the solution may diverge 1f these elements are
ignored. Therefore, to 1mprove the scalability of the EKF-
SLAM, extensions such as map decomposition (sub-maps)
and alternative representations may be employed. For
higher-dimensional systems, or when the Gaussian repre-
sentation 1s not valid, more eflicient implementations, such
as particle filter SLAM (FastSLAM (Montemerlo, M., et al.,
“Simultaneous localization and mapping with unknown data
association using FastSLAM.,” in IEEE International Con-

ference on Robotics and Automation (ICRA), 2003)), or

sparse extended information filters (EIF-SLAM (Thrun, S.,
et al., The International Journal of Robotics Research, 23:
693-716, 2004)) may be preferred.

The convergence 1s theoretically guaranteed only for
linear functions; however, FKF-SLAM uses the Jacobian
matrices VF and Vh to linearize the motion and observation
models. Therefore, the choice of these functions could lead
to 1naccurate estimations, particularly at some (singular)
operating points where the linearized functions do not
closely represent the nonlinear function. In this example
there was no 1ssue with the linearization and the covariance
matrix values consistently converged to lower bounds.

The time varying nature of the SLAM algorithm should
also be stressed. Current static pre-calibration techniques
may perform satisfactorily if the environment remains sta-
tionary. However, in a clinical setting, the movement and
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operation of devices degrades the quality of the pre-calibra-
tion map and distortion compensation becomes less eflec-
tive. Therefore, the static pre-calibration performance
degrades over time, and re-calibration 1s necessary at least
over the region of interest. In contrast, in the SLAM
approach described herein, the calibration improves over
time. As more observations are made by the EM sensors, the
distortion map and the pose of the instrument estimations
become more reliable. For highly dynamic environments,

turther optimization 1n the SLAM algorithm may be carried
out.

EXAMPLE 2

Electromagnetic Tracking for Catheter Path
Reconstruction

Accurate catheter tracking 1s required for various proce-
dures such as high dose rate (HDR) prostate brachytherapy,
where catheter path reconstruction 1s a necessary step to
optimize the position of the radioactive source and the dwell
times. Electromagnetic (EM) tracking has been introduced
in order to overcome the limitations of path reconstruction
using standard imaging modalities. However, EM measure-
ments are noisy and subject to distortion 1n clinical settings.
While several error minimization techniques have been
proposed, the tracking error still poses a challenge in accu-
rate path reconstruction. Presented herein 1s a novel filtering,
technique that incorporates the nonholonomic motion con-
straints of the EM sensor 1n the catheter path.

The motion of the sensor 1n the catheter 1s nonholonomic,
as the sensor 1s assumed to move along the catheter path. A
Kalman filter (KF) was used to integrate the nonholonomic
motion of the EM sensor with the raw measurement data.
Performance of this approach was validated using an Ascen-
sion trakSTAR (Ascension Tech. Corp., Milton, Vt.) and a 6
degrees of freedom (model 55) sensor. A 3D printed cali-
bration phantom firmly held 30 cm long catheters into
predefined pound truth paths. The experimental setup was
placed 1n an environment with field distorting objects resem-
bling clinical interferences. The EM sensor measurements
were recorded while 1t was 1nserted and retracted into the
path. Raw measurement data were applied to the method to
improve the tracking performance. Results were compared
with filtered data provided by the manufacturer.

For the raw measurement data, the root-mean-square
(RMS) error along the path was 5.6 mm, and was 2.4 mm
with filters provided by the manufacturer. Using the KF with
the nonholonomic motion model, the RMS was reduced to
1.8 mm, as tabulated in Table 2.

TABLE 2

Path reconstruction accuracy

Raw Standard Nonholonomic

measurements manufacturer filter Kalman filter
Minimuim error 0.0 mm 0.1 mm 0.0 mm
Maximum error 23.4 mm 7.0 mm 5.8 mm
RMS error 5.6 mm 2.4 mm 1.8 mm

Compared to other {filtering methods, this approach has
the advantage of exploiting the additional orientation mea-
surements in 1ts formulation. This information combined
with the position measurements successtully improves the
accuracy ol path reconstruction. Thus, filtering using a
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nonholonomic model 1s expected to improve clinical proce-
dures requiring the reconstruction of catheter path such as

HDR brachytherapy.

EXAMPLE 3

Nonholonomic catheter path reconstruction using,
clectromagnetic tracking

Catheter path reconstruction 1s required 1n various mini-
mally-invasive procedures, such as cardiovascular interven-
tions and high-dose-rate (HDR) brachytherapy. The success
ol such procedures depends heavily on accurate determina-
tion of the catheter paths. While catheters are usually
mserted under ultrasound guidance, a post-implantation
scan, usually with CT technology, 1s performed to accurately
localize the catheter relative to the target area. Catheter path
reconstruction using these standard imaging modalities has
a number of limitations, including radiation exposure and
catheter displacements during patient transfer from the scan-
ner to the operating room. Complementary electromagnetic
(EM) tracking has been introduced in order to overcome
these limitations.

EM tracking technology allows sensor measurements
inside the human body without line-of-sight restrictions.
Mimaturized sensors are directly inserted 1nto the catheter to
reconstruct the path. However, EM measurements are noisy
and subject to interference present in clinical environments.
Indeed, several studies have shown that measurement uncer-
tainty may vary considerably depending on the clinical
setup. To reduce tracking errors due to environmental inter-
ference, some manufacturers deployed direct current (DC)
tracking systems. These systems measure the pose of the
sensor relative to the transmitter once the magnetic field 1s
stabilized. As a result, and compared to alternative current
(AC) based systems, DC-based tracking systems do not
sufler from eddy current interferences induced in conductive
objects. However, these systems are still susceptible to
magnetic field distortions caused by objects (such as those
with ferromagnetic properties) surrounding the tracking
volume. Hence, accurate path reconstruction using EM
tracking remains challenging. Various techniques have been
proposed to minimize measurement error, such as sensor
fusion, static calibration of the tracking system, and filtering
using motion models such as needle deflection estimations.
While these techniques may allow some reduction of the
tracking error, they have generalized formulations. There-
fore, tracking error can be further minimized by means of a
specific filter designed for catheter path reconstruction.

In this example, a filtering approach 1s described that was
designed specifically for catheter path reconstruction. Path
reconstruction with respect to a reference sensor {Ref} was
achieved by threading a miniature EM sensor {Cath} within
the catheter. To reduce EM tracking error, an extended
Kalman filter (EKF) was used to integrate both the position
and orientation EM measurements with the nonholonomic
motion constraints of the sensor along the catheter. The
experimental setup 1n a UDR suite included the stepper and
TRUS probe, with the EM tracking system’s reference
coordinate frame {EMS} attached to the field transmitter,
and {Ref} attached to the reference sensor.

In contrast to conventional filtering techniques that rely
only on position measurements, this embodiment uses both
position and orientation measurements as well as the non-
holonomic motion constraint, in order to accurately recon-
struct the catheter paths.
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Filter Formulation
Extended Kalman Filter

An EKF was employed to estimate the state vector
defined at a discrete time step k as:

X=[Xp Vi 2 8z €1, Tk]T (21)

where * denotes transpose, containing the position coordi-
nates X, v, z and orientations a, ¢, r (expressing the azimuth,
clevation, and roll Euler angles respectively) of the sensor 1n
the default tracker’s coordinate system {EMS}. In essence,
the EKF formulation uses a process model for prediction and
a measurement model for correction to minimize the esti-
mation error covariance.

The process model 1s governed by the non-linear stochas-
tic difference equation, describing the state transition as:

X=X )+

where 1 defines the motion kinematic with the nonholonomic
constraint introduced 1n the next section, and ¢, 1s consid-
ered as the process noise, defining the uncertainties of the
process model. The process noise 1s assumed to be constant
during each sampling interval, and ¢, 1s considered to have
a zero mean Gaussian distribution with a covariance Q,
computed as:

(22)

0=0_"*] (23)

where quz 1s the variance and indicates the process uncer-
tainty estimation (Sadjadi, H., et al., “Fusion of electromag-
netic trackers to improve needle deflection estimation: simu-
lation study,” IEEE Transactions on Biomedical
Engineering, 60:2706-2715, 2013). In order to correct for
the estimation made by the process model, the measurement
equation relates the state vector to the measurement z,, and
it can he formed as:

z,=HX,+v, (24)

with H=I, the identity matrix. The measurement noise,
denoted by v,, and the measurement noise covariance matrix
R were updated at each iteration step according to:

R=0% (25).

The variance o,” is computed and updated based on the
sensor signal quality at each time step to represent the
precision of the measurements.
Nonholonomic Process Model

In catheter path reconstruction, the sensor’s kinematics
have nonholonomic constraints equivalent to that of a gen-
cralized unicycle 1 3-dimensional space. The nonholo-
nomic constraint restricts lateral motion along the path.
Theretore, the position of the sensor 1nside the catheter can
be estimated using these nonholonomic motion constraints
in conjunction with both the position and orientation EM
measurements. Accordingly, the kinematics of the sensor
can be inferred from 1ts linear and angular velocities.

The position and orientation (pose) of the sensor in the
tracker’s coordinate system {EMS} can be represented with
the following 4x4 homogeneous transformation matrix:

R, P 26
sz[k k} (26)
0 1

where R, 1s the associated 3x3 rotation matrix describing the
orientation of the sensor based on the Euler angles a, ¢, r, and
P.=[x vy z]” is the 3x1 vector representing its position.
FIG. 7 1s a photograph showing a phantom holding ten
catheters 1n predefined ground truth paths. The fixture was
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designed in CAD and 3D printed with an accuracy of about
0.25 mm. An EM sensor 1s inserted into the catheter. The
body coordinate system {B} is located at the sensor tip. The
global coordinate frame {Ref} is located on the reference
sensor. The local coordinate frame on the phantom {Ph} is
also represented.

FIG. 8 1s a photograph showing the body-fixed coordinate
system {B} located at the sensor tip. The longitudinal linear
velocity u, and the rotation rates p, g, s are characterized.

In the body coordinates system {B} (FIGS. 7 and 8), the
twist ¥, of the sensor can be represented by the following
notation:

¥,=[uvwpqs]” (27)

where u, v, w are the sensor’s linear velocities in {B}, and
P, q, s express the body-fixed rotation rates, as shown on
FIG. 8.

Due to the nonholonomic constraints, only the longitudi-
nal linear velocity and the angular velocities are taken into
account. Therefore, the lateral velocities are equal to zero
(v=w=0), and the twist ¥, can take the following homoge-
neous transformation matrix notation:

0 —-s g u] (28)
s 0 —=p 0
V., = g .
-g p 0 0
o 0 0 0

The transformation between the body’s coordinate and the

tracker’s coordinate systems can then be described by relat-
ing the velocity X of the sensor in {EMS} with the twist V
of the sensor in {B}:

X=X*V

(29)

where the solution to this differential equation 1s given by:

Xy =X exp(dr™Vy,) (30)

with dt the sampling time between the steps k and k+1.
Experimental Validation

To evaluate the performance of this approach, the experi-
mental setup replicated a prostate HDR brachytherapy sce-
nario as one of the possible options. The phantom consisted
of a series of parallel rectangular grids to allow a large
number of known catheter configurations (FIGS. 7 and 8).

Ten catheters 15ga “tlexineedle” (Best Medical Interna-
tional Inc., Springfield, Va.) were held 1n position by the
3D-printed phantom with predefined paths (FIG. 7). Given
its known configuration, each catheter path was represented
as a set of points, whose homogeneous coordinates ,, P were
expressed in the phantom’s local coordinate frame {Ph}
(FIG. 7). Therefore, {Ph} was registered in order to express
these ground truth positions in the reference coordinate
frame. To do so, the optimized translation T and rotation R
matrices that align {Ph} to {Ref} were computed using
Arun’s method (Arun, K. S., et al., “Least-squares fitting of
two 3-D point sets,” Pattern Analysis and Machine Intelli-
gence, IEEE Transactions 5:698-700, 1987). Therefore, the
corresponding ground truth positions , P ., were computed
by:

Re szﬁ *prd’ +7 (31)

For convenience in the notations, variables are expressed 1n
the reference coordinate system. Hence, the ground truth

positions ., P are reterred to as Py
Using the DC-based “3D Guidance trakStar” electromag-
netic tracking system (Ascension Tech. Corp., Milton, Vt.),
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a 6 degrees-of-freedom (Model 355) sensor was inserted 1nto
the catheter paths (FIG. 8). Experimental data were collected
in a research environment, involving minor field distortion
interferences from surrounding objects.
Performance Evaluation

For performance metrics we considered a reconstruction
error err; for each estimated position f’j with=1,2,..., N
and N 1s the number of measurement samples recorded
during the isertion of the EM sensor within each catheter
path. The reconstruction error err; was defined as the Euclid-
ean distance between each P, and the closest ground truth
position P;. Therefore,

errj:‘Wj_ﬁ}“ (32).

Given err, the set of all the err, the accuracy of each
reconstruction was evaluated by computing the root-mean-
square (RMS) of err, and the precision of each reconstruc-

tion was evaluated by computing the standard deviation (o)
of err. As a result,

1 N Iy (33)
o= N_—El (err; —err)

with €¥F representing the mean of err,

In addition, the 93% confidence 1nterval (CI), minimum
and maximum error of each complete path reconstruction
were computed. The means of these factors over the ten path
reconstruction were also calculated (see Table 3), and two-
sample t-tests were conducted to determine the statistical
difference between the path reconstruction accuracies.

TABLE 3

Mean results over ten path reconstructions.

Nonholonomic
Raw Standard extended Kalman

Error measurements manufacturer filter filter

RMS 3.7 mm 3.3 mm 2.7 mm
95% CI 6.8 mm 6.0 mm 4.5 mm
Minimum 0.5 mm 0.4 mm 0.9 mm
Maximum 7.8 mm 8.8 mm 5.2 mm
Standard 1.8 mm 1.6 mm 1.1 mm
deviation

Reconstruction using the Raw Sensor Measurements

Unfiltered tracking data led to path reconstructions char-
acterized by a mean error of 3.7 mm over the ten paths. As
illustrated 1n FIG. 9B, the greater the insertion depth, the
more 1naccurate the reconstruction. Raw measurements led
to a noisy reconstruction of the paths with an associated
mean standard deviation of 1.8 mm.
Reconstruction using the Manufacturer’s Filters

Manufacturer’s filters eiliciently increased the tracking
accuracy, leading to an improved reconstruction of the
catheter paths with an associated mean error of 3.3 mm. As
detailed 1n Table 3, the standard deviation of the reconstruc-
tion error was also reduced to 1.6 mm.
Reconstruction using the EKE method

The EKF with the nonholonomic motion model further
reduced the mean error to 2.7 mm, with an improved 95%
confidence iterval (CI) of 4.5 mm. With a standard devia-
tion of the error of 1.1 mm, random noise (jitter) was
elliciently reduced by this approach as well. As shown 1n

FIGS. 9A and 9B, the filter significantly improved the
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accuracy ol path reconstructions compared to the manufac-
turer’s filter, with a p-value of p<0.01 1n a two-sample t-test.

In the analysis of the tracking error distribution, higher
reconstruction errors were observed when the sensor was
located turther away from the transmitter. The filter was able
to reduce these measurement errors, where the estimated

error at the tip of the catheter (farthest point from the
transmitter) was approximately 1 mm lower than the one
reported by the standard manufacturer’s filter. To achieve
enhanced reconstructions, the transmitter should be placed
centrally with respect to the complete insertion site, and
unnecessary metallic and magnetic field distorting objects
should be removed.

Based on the above results, the experimental setup was
optimized and perthrmance was evaluated a second time.
The results, based on ten distinct path reconstructions at
manual sensor retraction speeds approximating 15 mm*s™",
are shown 1n Table 4. Compared to the raw measurements,
the nonholonomic EKF approach significantly improved
path reconstruction accuracies by 46% and precisions by
53%. The mean error was reduced from 3.5 mm to 1.9 mm,
and the associated 953% CI was decreased from 6.2 mm to
3.1 mm. Compared to the manufacturer’s filters, the non-
holonomic EKF filter also significantly improved path
reconstruction accuracies by 21% and precisions by 20%.
Furthermore, the repeatabilities 1n reconstruction accuracy
were assessed to be approximately 0.1 mm using the raw
measurements, the manufacturer’s filters approach, and the

nonholonomic EKF technique.

TABLE 4

Path reconstruction results of ten catheters (values in mm).

Raw Manufacturer’s Nonholonomic
measurements filters EKF
Accuracy 3.5 24 1.9
Precision 1.7 1.0 0.8
95% CI 6.2 3.9 3.1
Max Error 13.5 8.0 5.9

The histogram of FIG. 10 shows the distribution of all the
paths sample reconstruction errors. Sample reconstruction
errors using the nonholonomic EKF technique mainly fell
between 1 and 3 mm. Moreover, catheter path reconstruc-
tions were achueved with accuracy errors under 6 mm, as
reported 1n Table 4; 1n comparison, reconstructions of paths
using both the raw measurements and the measurements
using the manufacturer’s filters resulted in sample errors
exceeding 8 mm.

Table 5 lists the path reconstruction accuracies as a
function of the mean distance of the path relative to the
transmitter. Results of path reconstructions as a function of
sensor retraction velocity and path curvature (1.e., path IDs
8.9, 10) are also shown 1n Table 5. In path IDs 8, 9, 10 (with
minimum, maximum, and moderate curvatures), several
sensor speeds were used to assess the impacts of sensor
retraction speed and path curvature on the nonholonomic
EKF filter performance. Reported low speeds ranged
between 7.4 and 9.8 mm*s™', medium speeds between 14.1
and 20.3 mm*s~"', and high speeds between 23.6 and 32.1
mm*s~". The performance of the path reconstructions did
not follow an apparent trend When varying the path curva-
ture and sensor velocity. Instead, when the sensor was
retracted from a path farther from the reference (field)
transmitter (1.e., path IDs 1, 5, 7), there was a clinically
significant decrease in reconstruction accuracy.
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Path reconstruction RMS accuracies, as a function of the mean distance from the field
transmitter (F'1) and mean path curvature (values are mean *= standard deviation).

Raw
Distance measurement Manufacturer’s Nonholonomic
Path from FT Curvature Sensor accuracy  filters accuracy EKF accuracy
ID (mm) (m~1) velocity (mm) (mm) (mm)
1 259 +23 45+29 Medmum 29 =+1.3 2.2 0.9 1.6 = 0.7
2 26044 3825 Medmum 3519 2.2 0.8 1.7 £ 0.6
3 265+13 1916 Medum 2914 2.2 0.9 2.0 0.8
4 26744 38 +25 Medium 3.7 £ 2.0 2.3 x0.9 1.7 = 0.7
5 27426 64«57 Medum 3.6 1.8 2.6 £ 1.2 2.2+ 1.0
6 281 19 3.7+3.1 Medium 44 +2.1 25+ 1.0 2.7 = 1.3
7 294+19 3918 Medium 4924 3 8 + 1.9 2 7+1.3
8 23424 0.0+0.0 Low 2.3 + 1.0 1.7 £ 0.7 1.6 £ 0.7
8 234 +24 0.0+0.0 Medium 2.3 +£1.0 1.6 + 0.7 1.6 £ 0.7
8 23424 0.0+£0.0 Medum 2.3 £1.0 1.8 = 0.6 1.7 £ 0.6
9 26026 6.6=+6.1 Low 3.3+ 1.6 24+10 20+09
9 26026 6.6x61 Medium 3.2zx1.5 2.4+ 1.0 1.5 £ 0.6
9 26026 6.6x6.1 High 3.6 £ 1.6 25 +1.2 2.4 +0.9
10 26713 4.7 +39 Low 3.1 £ 1.5 2.1 £ 0.8 1.9 £ 0.7
10 26713 4.7 +39 Medum 3.1 £1.5 2.1 £ 0.8 1.8 £ 0.6
10 26713 4.7 +39 High 3.2+ 1.5 2.2+ 1.0 1.7 £ 0.7
Discussion TRUS probe are tracked by EM sensors. {Cath} is the

The results confirm that the nonholonomic EKF filter
significantly enhanced EM measurement accuracy com-
pared to the general filters provided by manufacturer. The
nonholonomic EKF showed to be robust to both sensor
retraction velocities and path curvatures; in fact, path recon-
struction accuracy did not follow a clinically significant
trend when the path curvature and sensor velocity varied. A
spatial accuracy tolerance of 3 mm for HDR prostate

brachytherapy has been recommended. Even for sensor
velocities as high as 32.1 mm*s~" and curvatures as high as
6.6 m~', reconstruction performance using the advanced
filter was consistent with this clinical need.

EM field distortions from the HDR prostate brachy-
therapy setup had a lower impact on the tracking accuracy
than expected. A study was also performed 1n a research
environment, where raw measurement errors were 3.7 mm,
measurement errors using the manufacturer’s filters were 3.3
mm, and measurement errors using the nonholonomic EKE
filter were 2.7 mm Compared with these figures, measure-
ment errors 1n the brachytherapy suite were reduced to 3.5
mm (or 5%), 2.4 mm (or 27%), and 1.9 mm (or 30%),
respectively. In the brachytherapy suite, the field transmitter
was 1nstalled closer to the complete target volume, which
may have resulted 1n the increase of tracking accuracy. It 1s
therefore favorable to maintain the EM transmitter at an
optimum position relative to the clinical target area in order
to enhance EM measurements.

Conventional catheter identifications are time-consuming,
and challenging. EM tracking assistance can substantially
shorten this procedure time. In fact, a typical retraction
speed of 15 mm*s™' was observed in this example; with an
insertion depth of 150 mm, insertion and retraction of the
sensor 1n each catheter path would span 20 seconds. More-
over, the proposed filter was approximately executed at the
rate of 20 Hz on a single Intel Core 4.00 GHz CPU, which
1s well beyond the EM sampling rate of 60 Hz, and would
not extend the treatment planning time. In turn, EM tracking,
may abbreviate the reconstruction process time to a couple
ol minutes.

For EM assistance for HDR prostate brachytherapy, a
general worktlow may be mmplemented clinically as
described below and in FIG. 11. Here, the catheters and the
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coordinate frame attached to the sensor placed inside the
catheter (a mimature EM sensor 1s threaded into the catheter
in order to observe its path), and {Ref} is the coordinate
frame attached to the EM sensor mounted on the TRUS
probe. The reference frame for TRUS 1mage scan plane 1s
denoted {SP}. To reconstruct a catheter path with respect to
the prostate volume, the catheter path and TRUS images of
the prostate are both represented 1n the same reference
coordinate frame {EMS} Furthermore, the TRUS probe
may be tracked using a large EM sensor, and the TRUS
image scan planes {SP} may be registered to the TRUS
probe {Ref} through well-established calibration methods.
Therefore, the catheter path can be represented with respect
to the TRUS 1mages using the following equation:

Z-Carh z—Ref (EMS Z‘RE‘ ) s Z-C ath

The tracking system provides the transformations .., "%,
from {Ref} to {EMS}, ..., . T’ from the catheter sensor
{Cath} to {EMS}. The calibration step establishes the
transformation . T%¢, from {Ref} to {SP}. Finally, the
DICOM (digital imaging and communication 1n medicine)
TRUS 1mages and the catheter path reconstructions
expressed as a structure set may be exported (e.g., to
Oncentra; www.elekta.com/brachytherapy/oncentra-brachy-
treatment-planning.html) for treatment planning.

The results presented 1n this paper show that catheter path
reconstruction accuracies are 1n line with the clinical need.
Nonetheless, TRUS 1mages and path reconstructions should
be spatially calibrated. The mnherent errors of TRUS probe
tracking and calibration procedures are expected to decrease
the reported path reconstruction accuracies relative to the
patient’s organs. In the clinical setup shown in FIG. 11, only
two EM sensors {Cath} and {Ref} are employed, and two
sensor ports remain available on a standard Ascension
tracker. To overcome TRUS probe tracking errors mnduced
by the presence of metallic objects surrounding the setup,
redundant tracking of the probe may further increase the
HDR path reconstruction accuracy with respect to the TRUS
images. Such redundant measurements may be integrated
using an algorithm that dynamically detects and compen-
sates for the EM field distortions 1n order to improve the
tracking performance of the TRUS probe. Therefore, com-
plete EM assistance for HDR prostrate brachytherapy may

(34)
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be achieved by a combination of EM tracking of the catheter
paths using a specialized nonholonomic EKF filter and EM

tracking of the TRUS probe, through a simultaneous local-
ization and field distortion mapping algorithm.

EXAMPLE 4

Robust Flectromagnetic Tracking of Ultrasound
Probes in High-dose-rate Brachytherapy

High-dose-rate (HDR) brachytherapy has become a
widely accepted treatment for cancers as 1t ofers excellent
tumor control while sparing normal tissue. An HDR brachy-
therapy treatment involves implanting catheters inside the
tissue; treatment planning 1s then generated, which consists
ol determining the catheter positions with respect to clinical
target volume, and optimizing the dwell times and positions
within each catheter. Finally, a radioactive source is mserted
into the catheter, and 1s withdrawn by steps of a few
millimeters to deliver the dose prescribed during the treat-
ment planning. Therefore, 1t 1s critical to accurately recon-
struct catheter paths with respect to the target tissue. Failure
to do so may result in under-treating the tumor, and over-
treating surrounding normal tissue.

Electromagmetic (EM) tracking of an ultrasound (US)
probe can increase the accuracy, objectivity, and speed of
planning a HDR brachytherapy treatment. However, various
instruments—including the US probe—may introduce
dynamic distortions to the EM field, and compromise the
EM measurements. Basic filtering methods, such as those
provided by manufacturers, are usually meflicient as they do
not allow for field distortion compensation.

In this example the simultaneous localization and map-
ping (SLAM) algorithm 1s used to track a transrectal ultra-
sound (TRUS) probe during prostate brachytherapy and
dynamically detect, map, and correct the EM field distor-
tions. Redundant EM sensors are attached to the TRUS
probe 1n order to assess, map, and compensate for the EM
field distortions. Combining the motion model of the tracked
probe, the redundant EM observations, and the relative
location of the sensors, the SLAM algorithm provides robust
and accurate estimations of the location of the tracked
instrument and the field distortions map. See, e.g., FIG. 1C,
which shows inputs including the motion model of the
TRUS probe, the EM sensor measurements, the measure-
ment uncertainty, and spatial parameters representing the
relative locations of the EM sensors. This method has been
successiully employed 1n various applications and recently
introduced for EM 1nstrument tracking in computer assisted
interventions.

Materials and Methods

The performance of EM tracking a TRUS probe can be
significantly improved through an extended Kalman filter
(EKF) based SLAM algorithm and at least one redundant
EM sensor. Two steps are then required: first, quantifying the
setup parameters, and second, performing the simultaneous
tracking and calibration processes.

Setup Parameter Quantification

Inputs of the SLAM algorithm include the spatial con-
figuration between the EM sensors, as well as their mea-
surement uncertainties. These parameters were assessed
pre-operatively.

Spatial parameters As shown 1n FIG. 12, four EM sensors
were mounted on the TRUS probe 1 order to track an
arbitrary target frame; sensors measurements are, by default,
expressed in the coordinate frame {Ref} of the field trans-
mitter. Furthermore, the probe was tracked by a NDI Spectra
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optical system (Waterloo, Ontario, Canada) to provide a
ground truth for the experiments. As illustrated 1n FIG. 12,
the transformations ﬁefTOP from the optical marker’s
frame {OP} to an optical tracker’s reference frame {OP,Ref}
were provided by the optical tracking system. The spatial
parameters 1dentily the relative transformations between
each of the four EM sensor frames {S.}, withi=1, 2, 3, 4, and
the target frame. For convenience, the target frame was
attached to that of the optical marker’s coordinate frame
fOP!}. The unknown transformations ,T“* from the target
{OP} to each sensor frame {S,}, and . T?*¥ from {OP,
Ref} to {Ref}, as shown in FIG. 12, were computed using
a well-established concurrent hand-eye calibration. In turn,
the establishment of spatial parameters . T enabled com-

z

putation of the target’s pose via the EM measurements as:

7 i i P
Refzﬂ _Refzﬁ S fzﬂ

(35)

Finally, the transformation REfTOP R¢/ enabled verification

of the target’s pose via the ground truth measurements as:

P Ref.

'GP,RefIO d (3 6)

P
Ref- IO - Ref”

For convenience 1n the notations, all EM measurements are
expressed in {Ref}.

Measurement uncertainty parameters The uncertainty
associated with each sensory observation 1s provided to the
SLAM algorithm. An automated uncertainty assessment was
conducted to quantily the measurement uncertainty of an
Ascension model 800 EM sensor. Two robotic arms moved
the sensor throughout the EM tracking volume 1n a research
environment with minimum field distortions. The ground
truth was provided by the NDI Spectra with submillimetric
accuracy. A robust multilinear regression method was
employed 1n order to recover the measurement uncertainty

parameters.
Motion Model

The SLAM algorithm uses the motion model of the TRUS
probe in the EKF, in addition to the EM measurements Z,
and measurement uncertainty and spatial parameters defined
above.

The motion model describes the transition between each

state X. At a discrete time step k, the state X, was defined as:

X;:=Pr Qi P W;c]T (37)

where p denotes the position vector, q the ornentation
(quaternion), p the linear velocity, and w the angular veloc-
ity. A general motion model was employed. In turn,

Pk | Pr-1 +dt- Py (38)
i | | exp(di-dp(we-1)) " Gi-1
Pi Pr-1
| Wi Wik -1
with ¢ defined by:
WX W] (39)

and the operator x 1s the vector cross product expressed as
a skew-symmetric matrix.
Experimental Validation

An Ascension (Burlington, Vt., U.S.A.) trakSTAR EM
tracking system was employed. Four EM sensors (model
800) were attached to the TRUS probe. Sensor mounting
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configuration 1s schematically illustrated 1n FIG. 12, where
sensor #2, #3, and #4 were placed approximately 25 mm, 36
mm, and 71 mm, respectively, away from sensor #1. Data
from this DC-based tracking system was collected using the
application “Cubes”, provided by the manufacturer, at a
sampling rate of 60 Hz. Furthermore, the probe was tracked
by the NDI Spectra in order to provide a ground truth for the
experiments. This optical system was controlled using the
NDI Toolbox software, and data was also collected at a
sampling rate of 60 Hz. A spatial and a temporal calibration
between the EM system and the optical system were per-
tformed. Additionally, a constant lag estimation (Sadjadi, H,
et al, “Simultaneous Localization and Calibration for Flec-
tromagnetic Tracking Systems,” The International Journal of
Medical Robotics and Computer Assisted Surgery (IJMR-
CAS), 2015) was also taken into consideration in order to
synchronize both tracking systems.

Experiments were conducted in an HDR brachytherapy
suite where significant field distorting objects surrounded
the experimental setup, including the stepper and the probe
itself. In fact, to simulate a TRUS 1maging procedure, the
tracked probe was rnigidly maintained by a stepper mounted
on a metallic stabilizer. In order to 1mage the prostate using
either sequential axial sections (from the base to apex) or a
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Results
The tracking performance was assessed using four model

800 sensors. Using the manufacturer’s filters, tracking of

frechand motions had RMS accuracies ranging from 2.0 to
2.8 mm and 1.4 to 1.6 degrees. Tracking of the TRUS probe
using the SLAM technique was associated with RMS track-
ing errors of 1.5 mm and 1.3 degrees; in turn, SLAM enabled
an increase of the estimation accuracy up to 46.4%.

Table 6 turther lists tracking results as a function of TRUS
probe translation and rotation. Position measurement accu-
racies were not significantly impacted by the translation and
rotation of the TRUS probe. Conversely, orientation mea-
surements were considerably improved during translation
motions of the TRUS probe, 1n contrast to rotation and
frechand motions. Finally, the repeatabilities in tracking
accuracies ranged from 0.2 to 0.7 mm and 0.0 to 0.3 degrees
using the manufacturer’s filters and the SLAM technique.

The number of redundant measurements influenced the
SLAM estimation performance ol the position measure-
ments. Indeed, the SLAM performance improved as the
number ol sensor observations increased. FIG. 13 depicts
this phenomenon; as can be seen, the errors in the SLAM
estimations generally decreased as more sensor measure-
ments became available.

TABLE 6

EM TRUS probe tracking results (values in mm and degorees)

Sensor #1 Sensor #2 Sensor #3 Sensor #4 SLAM filter
Posi- Orien- Posi- Orien- Posi- Orien- Posi- Orien- Posi-  Orien-
tion  tation tion  tation  tion  tattion tion  tation  tion  tation
Freehand Accuracy 2.2 1.4 2.0 1.4 2.8 1.6 2.8 1.4 1.5 1.3
RMS
Precision  0O.¥ 1.1 0.7 1.1 0.7 1.1 0.7 1.1 0.9 1.2
95% CI 3.2 3.1 2.9 3.0 3.9 3.1 3.7 3.0 2.8 3.0
Translation Accuracy 2.3 0.3 1.9 0.5 2.3 0.8 2.7 0.6 1.3 0.1
RMS
Precision 0.5 0.1 0.4 0.0 0.3 0.0 0.3 0.0 0.5 0.0
95% CI 3.3 0.4 2.6 0.6 2.7 0.8 3.2 0.7 2.0 0.2
Rotation  Accuracy 2.0 1.5 2.0 1.5 2.5 1.7 2.0 1.6 1.4 1.5
RMS
Precision 0.4 0.8 0.6 0.7 0.4 0.7 0.7 0.7 0.6 0.8
95% CI 2.5 2.5 2.9 2.4 3.2 2.7 4.1 2.3 2.3 2.5

sagittal volume-based technique (from right to left), the
probe was translated along 1ts longitudinal axis and rotated
around the same longitudinal axis. In addition, data was
collected during frechand motions of the probe, consisting
of simultaneous translation and rotation displacements.
Probe motions were reproduced six times in order to evalu-
ate the repeatability in the accuracy of the sensors measure-
ments and the SLAM estimations.

Performance Analysis

The SLAM method was compared against the direct EM
measurements using the default filtering techniques pro-
vided by the manufacturer, namely the AC wide notch and
the DC adaptive filter. The performance of the SLAM
method was further investigated as a function of the amount
of redundant sensory measurements.

Position tracking accuracy was determined by computing
the Euclidean distance between each position measurement
and the corresponding ground truth. Similarly, onentation
tracking accuracy was calculated by computing the differ-
ence of angle between each orientation measurement and 1ts
corresponding gound truth. The RMS measurement accura-
cies, 95% confidence imtervals (CI), as well as the RMS

precisions were computed.
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The ellect of sensor configuration on SLAM performance
i1s further characterized in FIG. 13. Although estimation
accuracies generally increased with the number of redundant
sensors, the mounting configuration of the sensors was also
observed to significantly impact the SLAM etliciency to
correctly track and compensate for the field distortions. In
fact, higher estimation accuracies were observed when the
sensors were located farther from each other (sensors #1, 4).
Moreover, tracking the target with three sensors poorly
mounted (sensors #1, 2, 3) was more erroncous than using
two sensors optimally placed on the TRUS probe. Optimum
configurations were observed when the sensors were placed
in a non-collinear way (sensors #1, 3, 4, as well as sensors
#1, 2, 3, 4).

Discussion
The SLAM method was shown to significantly improve

TRUS tracking accuracy and precision. As more sensory
observations were made, the higher the tracking perfor-
mance. In turn, mounting multiple redundant sensors helps
SLAM to accurately estimate the target location and create
the field distortion maps. Nevertheless, an optimized sensor
configuration around the probe 1s also a key factor to the
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SLAM performance. Indeed, a superior configuration of
fewer sensors was sometimes observed to be more valuable
for accurate TRUS tracking than employing a higher number
of sensors with a poor configuration. Optimum configura-
tions were observed when the sensors were placed 1n a
non-collinear way.

SLAM heavily relies on EM field distortion detection and
compensation to properly estimate the tracking measure-
ments. Compared with the manufacturer’s filtering tech-
niques which do not include any compensation for the field
distortions, the SLAM approach increased TRUS probe
tracking accuracy up to 46.4% during frechand motions of
the TRUS probe. The results suggest that the advanced
approach integrating SLAM and EM tracking provides a
viable alternative when optical tracking 1s not possible.

EM tracking assistance in HDR, prostate brachytherapy
relies on concurrent tracking of the TRUS probe and catheter
paths. In order to achieve this goal, a spatial tolerance of 3
mm was suggested. EM-based path reconstruction accura-
cies were shown to be 1.9 mm. In this work, EM tracking of
the TRUS probe was experimentally validated for both the
sequential axial sections and the sagittal volume-based
imaging techniques. Results showed that SLAM eflectively
reduced tracking errors to 1.3 mm and 0.1 degrees for the
sequential axial sections imaging method, as well as 1.4 mm
and 1.5 degrees for the sagittal volume-based technique.
Accordingly, the application of EM tracking assistance in
HDR prostate brachytherapy procedures 1s further advanced
using the SLAM method. The results suggest that the
method would make applicable complementary EM tracking
to ultrasound-guided HDR brachytherapy, resulting in both
a dramatic shortening of the treatment planming time and an
enhanced treatment delivery.

INCORPORAITION BY REFERENCE

All cited references and publications are incorporated
herein by reference in their entirety.
Equivalents

While the mvention has been described with respect to
illustrative embodiments thereof, it will be understood that
various changes may be made to the embodiments without
departing from the scope of the mnvention. Accordingly, the
described embodiments are to be considered merely exem-
plary and the invention 1s not to be limited thereby.

The invention claimed 1s:

1. Apparatus for electromagnetic (EM) tracking or local-

ization 1n a workspace, comprising;:

one or more EM transmitter and two or more EM sensors,
wherein one EM sensor 1s a redundant EM sensor that
1s adapted to be mounted on an mnstrument during a
procedure such that the redundant sensor moves with
the instrument during, the procedure;

a processor that recerves signals from the two or more EM
sensors, and

(1) estimates uncertainty associated with each EM sensor
measurement,

(11) determines an indication of relative locations of the
two or more EM sensors with respect to the imnstrument,
and

(111) generates a field distortion map of the workspace of
procedure;

wherein a field distortion estimator uses currently-avail-
able mnformation of the field distortion map and esti-
mates field distortion for the workspace, including a
location of the instrument;
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wherein information from the redundant sensor 1s used
with the field distortion estimator to produce an output
that compensates for field distortion at a location of the
instrument 1n real time during the procedure; and
wherein a transient analyzer continuously observes varia-
tions 1n the field distortion map over time 1n order to
differentiate regions with continuous changes from
regions with constant field distortion, and provides
feedback to the field distortion estimator, including
predicting how the field distortion map 1s expected to
change;
wherein the estimates of uncertainty associated with each
EM sensor measurements, the relative locations of the
two or more EM sensors, and the output from the field
distortion estimator are used by a probabilistic simul-
taneous localization and mapping (SLAM) algorithm
that simultaneously estimates a location and pose of the
workspace, and updates the field distortion map, 1n real
time;
the apparatus further comprising an output device that
outputs a location and pose of the instrument 1n 1n the
workspace during the procedure;

wherein the location and pose of the istrument 1s sub-

stantially corrected for EM field distortion in real time.

2. The apparatus of claim 1, wherein the field distortion
estimator estimates field distortion based on interpolating, or
adjusting model parameters of the field distortion map.

3. The apparatus of claim 1, wherein the SLAM algorithm
uses Bayesian inference for estimation and 1s implemented
by one or more of a Kalman filter, a particle filter, and
non-linear least squares.

4. A method for electromagnetic (EM) tracking or local-
ization 1n a workspace, comprising;:

providing one or more EM transmitter and two or more
EM sensors, wherein one EM sensor 1s a redundant EM

sensor that 1s adapted to be mounted on an nstrument

during a procedure such that the redundant sensor
moves with the mstrument during the procedure;

recerving signals from the two or more EM sensors, and
using a processor to

(1) estimate uncertainty associated with each EM sensor
measurement,

(1) determine an indication of relative locations of the two
or more EM sensors with respect to the mstrument, and

111) generate a field distortion map of the workspace of the
procedure;

the method further comprising:

implementing a field distortion estimator that uses cur-
rently-available information of the field distortion map
to estimate field distortion for the workspace, including

a location of the instrument;:
using information from the redundant sensor with the field

distortion estimator to produce an output that compen-

sates for field distortion at a location of the instrument
in real time during the procedure;
continuously observing variations in the field distortion
map over time to diflerentiate regions with continuous
changes from regions with constant field distortion, and
providing feedback to the field distortion estimator,
including predicting how the field distortion map 1is
expected to change;
wherein the estimates of uncertainty associated with each
EM sensor measurements, the relative locations of the
two or more EM sensors, and the output from the field
distortion estimator are used by a probabilistic simul-
taneous localization and mapping (SLAM) algorithm
that simultaneously estimates a location and pose of the
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istrument 1n the workspace, and updates the field
distortion map, 1n real time; and

outputting, a location and pose of the instrument in the
workspace during the procedure;

wherein the location and pose of the instrument 1s sub-
stantially corrected for EM field distortion in real time.

5. The method of claim 4, wherein the field distortion
estimator estimates field distortion based on interpolating, or
adjusting model parameters of the field distortion map.

6. The method of claim 4, wherein the SLAM algorithm
uses Bayesian inference for estimation and 1s implemented
by one or more of a Kalman filter, a particle filter, and

non-linear least squares.
7. Programmed media for use with a computer and with

EM sensor data, wherein the EM sensors comprise one or
more EM transmitter and two or more EM sensors, wherein
one EM sensor 1s a redundant EM sensor that 1s adapted to
be mounted on an instrument during a procedure such that
the redundant sensor moves with the mstrument during the
procedure, the programmed media comprising a computer
program stored on non-transitory storage media compatible
with the computer, the computer program containing,
instructions to direct the computer to perform one or more
of;
(1) estimate uncertainty associated with each EM sensor
measurement,
(1) determine an 1ndication of relative locations of the two
or more EM sensors with respect to the instrument, and
(111) generate a field distortion map of the workspace of
the procedure;
implement a field distortion estimator that uses currently-
available mformation of the field distortion map to
estimate field distortion for the workspace, including a
location of the instrument;
use mnformation from the redundant sensor with the field
distortion estimator to produce an output that compen-
sates for field distortion at a location of the mstrument
in real time during the procedure;
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continuously observe variation 1n the field distortion map
over time to differentiate regions with continuous
changes from regions with constant field distortion, and
provide feedback to the field distortion estimator,
including predicting how the field distortion map 1is
expected to change;

wherein the estimates of uncertainty associated with each

EM sensor measurements, the relative locations of the

two or more EM sensors, and the output from the field
distortion estimator are used by a probabilistic simul-
taneous localization and mapping (SLAM) algorithm
that simultaneously estimates a location and pose of the
instrument 1n the workspace, and updates the field
distortion map, i1n real time; and

output a location and pose of the instrument in the

workspace during the procedure;

wherein the location and pose of the mstrument 1s sub-

stantially corrected for EM field distortion 1n real time.

8. The apparatus of claim 1, wherein measurements are
combined or filtered with kinematic motion models and/or
dynamic motion models, including but not limited to
welghted averages, or a stochastic sensor fusion technique.

9. The apparatus of claim 8, including a Kalman filter.

10. The apparatus of claim 1, wherein the instrument 1s an
object or feature being tracked or localized; wherein the
instrument comprises a gaming device, a tool, a surgical
tool, an animal, a human, or a feature 1n a simulator.

11. The method of claim 4, wherein the instrument 1s an
object or feature being tracked or localized; wherein the
instrument comprises a gaming device, a tool, a surgical
tool, an animal, a human, or a feature 1n a simulator.

12. The method of claim 7, wherein the instrument 1s an
object or feature being tracked or localized; wherein the
istrument comprises a gaming device, a tool, a surgical
tool, an animal, a human, or a feature 1in a simulator.

13. The apparatus of claim 1, wherein the instrument 1s a
catheter, a needle, a cutting tool, a cautery tool, or a
guide-wire.
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